A study has been made of the effect of age on the susceptibility of mature human erythrocytes to hemolysis in hypotonic media. The alterations in osmotic fragility associated with red cell aging are pertinent to the relationship between cellular senescence and the maintenance of cell mambrane integrity. In addition, differences in osmotic resistance between young and old erythrocytes could provide a basis for separating the whole red cell population into fractions of differing mean cell age. A method for achieving such a separation would permit investigation of biochemical changes associated with in sivo aging of erythrocytes.
On the basis of experiments with red cells of dogs, Cruz, Hahn, Bale and Balfour (2) and Stewart, Stewart, Izzo and Young (3) concluded that young canine erythrocytes were less resistant to hypotonic lysis than older cells. Recent evidence suggests that the young erythrocytes of rabbit (4, 5) , rat and (6) and man (7) are more resistant to hemolysis in hypotonic media than are older cells.
In the present investigation, Fe59 has been employed to label, in vivo, erythrocytes of a limited age (8) (9) (10) (11) . It has been found that graded osmotic hemolysis may achieve a separation of red cells into fractions of relatively young and old mean cell ages. The young human erythrocytes are more resistant to hemolysis in hypotonic media than older cells.
METHODS
The subjects studied included four persons in good health (Subjects LO, LA, DE (12) . To one volume of each hemolysate, one-half volume of toluene was added and the mixture was thoroughly shaken until a fine emulsion was formed. After standing at 40 C. for two hours the solutions were centrifuged for 20 minutes at 4,000 X G and the water layer was removed. This "hemoglobin solution" was centrifuged at 18,000 X G for 60 minutes. A 2 ml. aliquot of the resultant clear supernatant "hemoglobin solution" was then assayed for radioactivity in a well type scintillation counter. The specific activity of these "hemoglobin solutions" was expressed as counts per minute per Gm. of hemoglobin. The relative specific activities of the "hemoglobin solutions" did not differ significantly from that of heme crystallized from these solutions (13) . Hemoglobin concentrations were measured by pipetting a suitable quantity of the solution into a 3 ml. cuvette, making it up to a total volume of 2.5 ml. with 0.4 per cent ammonium hydroxide. The optical density of the solutions was determined in a spectrophotometer at 540 mny. Duplicate hemoglobin determinations did not differ by more than plus or minus 2.0 per cent. The standard error of the counting procedure was less than plus or minus 2 per cent for most samples and less than plus or minus 5 per cent for the low activity specimens.
Iron 59 labeled hemoglobin recovery studies. It was necessary to determine whether the fractionation of the whole erythrocyte population by graded osmotic hemolysis affected the stability of the Fe5' labeled hemoglobin. Accordingly, the total radioactivity was measured in the "hemoglobin solutions" prepared from the supernatant solution and from the sedimented cells of the various fractions for each of the eight subjects. The sum of the counts per minute in the supernatant solution and in the sedimented cells from each fraction, expressed as per cent of the total counts per minute in the "hemoglobin solution" prepared from the whole red cell population, revealed a mean value of plus or minus one standard deviation equal to 101.5 plus or minus 4.8 per cent.
RESULTS
In the initial two studies (Subjects W and PR), washed erythrocytes prepared between 5 and 20 days following Fe59 administration were added to solutions of varying sodium chloride concentrations so as to give graded hemolysis between 2 and 100 per cent. In these experiments the hemoglobin Fe59 specific activity was lowest in the supernatant samples of the least hemolyzed fractions. These supernatant samples contain the hemoglobin of the least osmotically resistant cells. The highest specific activities were observed in the sedimented cells of the most hemolyzed fractions. These sedimented cells represent the most osmotically resistant erythrocytes. There were relatively small differences in specific activities of the "hemoglobin solutions" prepared from the supernatant and sedimented cells of the fractions between 20 and 80 per cent hemolysis. The data of one of these fractionations are presented in Figure 1 . These findings suggested that an effective separation of the whole red cell population into fractions of relatively old and young mean cell age could be obtained by preparing the supernatant solutions of the less than 10 per cent levels of hemolysis and the unlysed cells of the more than 90 per cent levels of hemolysis. It appeared from these data that the greater the difference in osmotic fragility between the erythrocyte samples, the better the separation of young and old cells. However, in order to obtain adequate quantities of hemoglobin for specific activity measurements, it was necessary to employ the supernatant solution of the no less than 1.5 per cent level of hemolysis and the sedimented cells of the no more than 98.5 per cent level of hemolysis. Accordingly, in subsequent studies, determinations of hemoglobin specific activity were performed on the supernatant solutions of the 2 plus or minus 0.5, 5 plus or minus 1, or 10 plus or minus 1 per cent levels of hemolysis and the sedimented cells of the 90 plus or minus 1, 95 plus or minus 1 or 98 plus or minus 0.5 per cent levels of hemolysis. For each fractionation, these data were compared to the hemoglobin Fe59 specific activity of the whole erythrocyte population (Table I) .
During the initial 30 to 35 days after Fe5' administration, it was observed that, relative to the whole erythrocyte population, the specific activities were higher in the more osmotically resistant erythrocyte fractions a~nd lower in the less osmotically resistant erythrocyte fractions. Between approximately 35 and 80 days after isotope administration, the specific activities of both the more and less osmotically resistant erythrocyte fractions were less than that of the whole erythrocyte popu- lation. In experiments performed at 90 days or longer following Fe59 administration, the specific activities of the less osmotically resistant red cells and, though to a smaller extent, the more osmotically resistant cells tended to exceed that of the whole erythrocyte population. The rise in specific activity of the more resistant (younger) erythrocyte fractions 90 days or more after isotope administration is presumably a result of the reutilization of Fe59. Previous investigators have shown that while intravenously administered Fe59 incorporation is limited to newly forming erythrocytes, isotope released from cells as they are destroyed is available for re-incorporation into immature red cells (8, 9, 14) .
DISCUSSION
The present data are consistent with the conclusions that young mature human erythrocytes are more resistant to hemolysis in hypotonic media than the average of the whole cell population, while old red cells are less resistant to osmotic hemolysis than the average of the total erythrocyte population. The method of graded osmotic hemolysis presented in this study provides a means of fractionation of the whole erythrocyte population in a manner whereby the more resistant cell fractions are progressively enriched with regard to young red cells and improverished with respect to old and middle-aged cells. The less osmotically resistant cell fractions are progressively enriched with regard to old erythrocytes and impoverished with respect to young and middle-aged cells. Among the eight subjects studied there was definite individual variation in the degree to which graded osmotic hemolysis achieved a separation of young and old red cells.
It must be emphasized that the differences in mean cell age among the fractions of erythrocytes of varying osmotic resistance are the result of a partial separation of young and old red cells. The assumption may be made that the relative Table I ). The present method of graded osmotic hemolysis provides sufficiently good separation of erythrocytes into fractions of differing mean cell age to permit evaluation of the effect of age on erythrocyte enzyme activity (15) . Thus, the levels of glucose-6-phosphate dehydrogenase, 6-phosphogluconic dehydrogenase and phosphohexose isomerase were markedly higher in the young than ----old red cell fractions. Purine nucleoside phosphorylase and lactic acid dehydrogenase activities decreased relatively little with the in vivo aging of 100 erythrocytes. Recently, Sterling, Greenfield and r Fe 59
Price (6) reported that aldolase activity was higher in osmotically resistant rat erythrocytes :YTEs OF Dnr-than in the whole red cell population. {D LEAST OSEmploying a different technique for the frac-)NS OF SUB-tionation of human erythrocytes by osmotic hemolysis, Simon and Topper (7) achieved a separation of young and old cells at 370C. and 220C. a particular but not at 40C. In addition, these authors found age is equal that at these higher temperatures, the least osivities of the motically resistant red cell fractions were enpopulation. riched with young erythrocytes, though the major d on the ob-portion of young cells were in the most resistant will label fractions. This method differed from that emlimited age. ployed in the present study in that a single aliquot nation from of blood was serially subjected to hemolysis in red cells of hypotonic sodium chloride solutions. The presosmotic re-ent technique was primarily developed to sepaby multiply-rate erythrocytes of varying age under conditions :e population which would permit subsequent biochemical studhemoglobin ies. Since certain enzymes and metabolic interthat of the mediates are less stable at higher temperatures, a various time study has not been made of the effect of temperan (these ra-tures other than 00 C. on the fractionation achieved ample (Sub-by the present method. In the present study, with Table I ), no evidence was found for the enrichment of the less osmotically resistant cell fractions with young erythrocytes. The present data, however, cannot exclude the possibility that there may be red cells younger than five days which are more fragile than older cells.
Several previous investigators (16) (17) (18) (19) (20) (21) (22) (23) (24) have employed methods of centrifugation or sedimentation to separate red cells into populations of different mean ages. These techniques are based on the fact that young erythrocytes are less dense than old cells. The methods of centrifugation and sedimentation can provide populations of cells enriched with young and with old erythrocytes in an unlysed state, while only young red cell fractions may be obtained unlysed following separation by the technique of osmotic hemolysis. However, in experiments not requiring intact red cells, e.g., studies of enzyme activity and cell free systems, graded osmotic hemolysis, compared to centrifugation, provided erythrocyte fractions with apparently greater differences in mean cell ages (15, 25) .
SUM MARY
A method of graded osmotic hemolysis has been described which separates the whole erythrocyte population into fractions of differing mean cell age. This method has been validated by employing Fe59 labeling in vivo to date the age of red cells. Young mature human erythrocytes were found to be more resistant to hemolysis in hypotonic media than old cells.
